The accelerating gradients in superconducting RF cavities can be limited by excessive temperature rise on the inner surface. In some circumstances, such as high RF frequency or anomalous losses, improved heat transfer at the niobium-helium interface can increase the achievable gradient. Different surface morphology techniques have been applied to reduce the limitation at the thermal interface. These techniques include varying surface roughness and forming cooling channels (embedded fins) in the surface. Heat transfer measurements on several niobium samples of different surface states, but same bulk purity at both Helium I and II (super-fluid) temperature regimes are planned. Initial measurements to validate the experimental setup on one sample are presented. Comparison of the test measurements is made with the existing literature data. The surface characterization uses a high-resolution 3D optical nano-scope. Finally, the influence of these interface surface techniques on the performance of the cavities will be discussed.
INTRODUCTION
In thermal break down of a superconducting radio frequency (SRF) cavity, originating from a single defect, thermal conductivity of the bulk niobium plays a dominant role [1] . This problem is handled by limiting the quantity and size of defects and using high purity niobium. Niobium purity is quantified by measuring its residual resistance ratio (RRR), which scales linearly with thermal conductivity.
Thermal breakdown occurs when the rf surface of the niobium reaches its critical temperature, T c , which is dependent on the critical rf magnetic field, B c , by: - (1) As seen in earlier studies [1] , the surface heat transfer characteristic of a SRF cavity plays an important role in its performance. Though thermal conductivity of Nb is improved by raising its RRR, the other parameter in a thermal circuit of SRF cavity is its heat transfer at the Nb-He interface.
While the thermal conductivity, k, is well known, the surface heat transfer coefficient, h, has values that vary widely due to many parameters such as helium temperature, power level, surface impurities and surface roughness [2] .
Significant improvements to the heat transfer characteristics of existing cavities are the focus of this research, and will be accomplished by adding cooling channels to the niobium and improving the heat transfer coefficient at the niobium-helium interface. These improvements will decrease the temperature rise of the rf surface, and either allow higher fields or decrease the temperature dependent losses.
Previous experimental studies in helium-II have shown that surface irregularities increase the Kapitza conductance due to increased phonon transmission [3] [4] [5] [6] [7] [8] . These studies have found that enhanced phonon transmission is associated with the interaction of surface roughness comparable to the phonon wavelengths, and improvements of up to a factor of five were obtained. Increasing the surface roughness to ~10-100 m, statistically results in more nanoscale surface roughness that is comparable to phonon wavelengths. This can be seen from the two view graphs in figure 1 , showing surface roughness obtained by chemically etched, as compared to a smoother electro-polished Nb sample.
Since it's the metal surface characteristic that governs the Kapitaza conductance, it is important to study the phenomena associated with the niobium-He interface. Previous Kapitza studies on niobium [3, 4, [6] [7] [8] were done at low heat flux regimes (∆T << T b ), and not much data exists in high heat flux regimes, to which SRF cavities are now routinely subjected. It is primarily the focus of this research where not only at low but high heat flux Kapitza conductance regime is studied on niobium samples.
In preparation of high power tests, cavities routinely undergo chemical etch, not only from inside but outside as well. Though outside etching of cavities is considered necessary after Ti treatment to avoid premature quenches [1] , however, this systematic study may reveal if the practice to etch the cavity from outside is justifiable even when the Ti treatment is no longer done.
For low frequency cavity operations at temperatures near 4 K, where saturated liquid helium acts like an ordinary fluid (helium-I), the phonon interactions may not contribute significantly. However, creation of preferential nucleation sites for the bubbles by the rough surface provides another channel of improving the heat transfer. A factor of five increase in heat transfer coefficient for the helium-I in nucleate boiling regime has been observed by varying the surface roughness from 0.3 m to 10 m [2] .
Cooling channels decrease the temperature drop in the niobium by effectively decreasing the thickness while maintaining the structural integrity [9] . The channels also act as cooling fins, which are beneficial when the dominant thermal resistance is the surface heat transfer.
EXPERIMENTAL DETAILS
The experimental setup shown in figure 2 has two sample-holder assemblies mounted on a common vacuum line assembly. The whole assembly is mounted on the lid of a cryostat (not shown), which is then lowered into the cryostat commonly used for testing of SRF cavities. Liquid helium is pumped into the cryostat from the main supply line through the lid. The assembly can be extended to have four or more sample holders for sequential testing of some samples of different surface morphology but cooled in the cryostat at the same time.
The sample holder assembly in figure 3 has the resemblance of the one used by Mittag [4] except some improvement in the design to reduce the parallel heat losses. Instead of conventional mechanism of using indium or copper seal 'O' rings, the end of stainless steal tube containing liquid helium is made like a sharp knife-edge cutting into the softer Nb sample. Uniform force is applied on the other end with the base plate by tightening the six stainless steal rods to press the Nb sample against the knife-edge of the tube. A thin (10 µm) foil heater pasted on a copper disc (5 mm) is used to provide a homogeneous heat flux, q, into the sample. The helium bath temperature T b in the helium-sample chamber is stabilized through Dewar pressure control valve close to ±14 Pa. T b is measured with the help of factory calibrated germanium sensor installed inside the tube. The temperature distribution along the sample is measured with the three carbon-resistance thermometers (C1 to C3) attached to the sample using cryogenic varnish GE-7031. Another calibrated germanium sensor is placed next to C2 on the sample in vacuum to provide accurate in-situ calibration of the carbon sensors.
The distance between C3 and the interface surface is 5 mm. Special emphasis to provide thermal sinks is made at various locations such as sensor and heater wires to thermally isolate the sample from spurious heat leaks. The resistance, R, of the carbon sensors is measured with the help of LakeShore® instrument employing four lead method and is recorded through custom made LabView® data acquisition software. This also helped in avoiding carbon sensor's self-heating problem where the instrument employs constant current source of 10 µA for resistance measurements. Typical voltages (~100 mV) and current (~0.5 mA) measurements for power calculations are made with the help of digital meters with resolution of 1 mV and 1 µA respectively. Calibration of carbon sensors is carried out before every test, i.e. when Q = 0 by varying the cryostat pressure at various settings and recording the resistance values of carbon sensors 
Measurements of both K and h at a given bath temperature, typically consists of recording all three temperatures and the corresponding heater power. The residual calibration errors are minimized by the usual zero heat flux differencing technique and the sample interface temperature (Ts) is calculated by the linear extrapolation method as employed by Mittag [4] . Heat leaks into liquid helium through the six rods via base plate and the G-10 disc from the heater as well as heat leaks from the heater current wires is estimated to be less than 5%. Heat leaks along the sensor leads were estimated to be negligible. Also, heat leaks through stainless steal tube sealing vacuum from liquid helium is estimated to be negligible (approx 0.11 % at 2K). However, reduction in area of the sample surface exposed to liquid helium is accounted for.
SAMPLE PREPARATION AND TEST RESULTS
Different samples are prepared from the same bulk Niobium (RRR 232) with different surface morphology. One sample has been tested to calibrate and validate the whole experimental setup with the results compared with existing literature data. The cylindrical Nb sample chosen for such a validation run has a rough machined surface exposed to liquid helium.
After the sensors calibration cycle before each test, the first test is performed at 4.2 K i.e. at helium saturation temperature at atmospheric pressure. The experimental result for both thermal conductivity as well as heat transfer coefficient measurements is shown in figure 4 and 5 respectively. After several attempts to isolate the sample from spurious heat leaks, agreement with the literature data, for both k and h, within the temperature range is obtained. Repeatability is also seen to be reasonably acceptable within the experimental error.
In super-fluid temperature regimes, the test is performed at 1.985 K. The result for thermal conductivity is shown in figure 6 and that for Kapitza conductance is shown in figure  7 . A clear formation of a typical phonon peak in thermal conductivity near around 2 K is also evident in the result. Again, close agreement with the existing data in literature shows the reliability of the experimental setup.
To present the data of heat transfer across solid and super-fluid helium interface, different researchers have used different approaches depending upon the focus of their research in the regime of heat flux. Nevertheless, purely from phonon radiation laws, the heat transfer through this interface is mathematically stated as: 
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where the fit parameters 'α' and 'n' are assumed to be functions of surface material property only.
The relation in equation 2 emerges from acoustic mismatch theory which predicts exponent to be n = 4. Analytically expanding this equation 2 by rewriting in a more conventional form of heat transfer, one can proceed as:
FIGURE 5. Variation of Nb-He interface surface temperature rise with applied heat flux of the sample A is shown at 4.2 K along with the literature data adopted from Van Sciver [2] . Error bars associated with ∆T are less than the size of the symbol used.
FIGURE 6.
Variation of thermal conductivity with temperature of the sample A is shown along with the literature data adopted from Padamsee [1] . Error bars associated with measured thermal conductivity are not bigger than the size of the symbol used.
where,
In the limits, when ∆T << T b , the bracketed quantity is nearly equal to 1. So, in the limits of low heat flux, h = h k and is totally dependent upon bulk helium temperature T b . For high heat flux when ∆T ~ T b and T s > 2.17 K, complete equation 2 must be realized instead of using approximation of low heat flux. Figure 7 shows the Kapitza conductance data, obtained for the sample, in low as well as high heat flux regimes, though only at single bath temperature. The non-linear best-fit value of the parameters obtained for the sample is α = 0.0015 W/cm 2 /K n and n = 4.5 where the error (sum of squares) is less than 0.04 % of the experimental data. This shows that although the data point is within the limits of theoretical predictions given by acoustic mismatch (AMM) and the diffuse mismatch models (DMM) for Nb, yet it is on the lower end of the data experimentally found by other researchers at this bath temperature; almost a factor of 2.5 less. At T b = 2K, AMM predicts a value of Kapitza conductance h k ≅ .023 W/cm 2 /K and DMM predicts h k ≅ 4.3 W/cm 2 /K, where as the value of Kapitza conductance from this experiment is h k ≅ .075 W/cm 2 /K. Given the variation in existing literature data, even for the same material depending upon different surface preparations, this difference is reasonable. The presence of surface impurities on the interface surface of un-prepared sample can be the likely cause of a lower observed value. More tests on the same sample but with different surface preparations shall better define the trend.
CONCLUSIONS / FUTURE PLANS.
With the reliable experimental technique now available, several samples, as mentioned below, are in preparation to evaluate the enhancement of overall thermal conductance across the Nb-Helium surface interface with different surface morphologies.
• Sample A, rough machined surface without chemical etch.
• Sample B, chemically etched surface.
• Sample C, chemically etched surface and then electro polished.
• Sample D, chemically etched surface and roughed with emery paper of 25 µm.
• Sample E, chemically etched surface and roughed with emery paper of 100 µm.
• Sample F, machine grooved to the depth of 2.5 mm with 3 mm pitch and then chemically etched. Testing both at 4.2 K as well as at super-fluid helium temperatures, the result from these samples shall provide clear directions in improving the overall performance of SRF cavities.
